The effects of thyroid hormone excess on myocardial hemodynamics and carbohydrate metabolism were determined in a group of subjects, and the findings compared with those obtained in a group of normal individuals. The results indicate that in thyrotoxicosis there tends to be an increase in coronary blood flow and myocardial oxygen consumption and a normal per cent extraction of oxygen by the myocardium. The metabolism of glucose, lactic acid, and pyruvic acid was virtually identical in the 2 groups. No relationship was demonstrable between the arterial levels of the carbohydrate substances and their extraction by the heart.
T HE pronounced clinical effects of hyperthyroidism upon the cardiovascular system strongly suggest a direct participation of cardiac tissue in the metabolic effects of excess thyroid hormone. Although limited study of the human heart has failed to support this view,1 experimental hyperthyroidism has revealed an increased myocardial oxidative activity2 3 and diminished myocardial concentration of high-energy phosphate compounds.4 This limitation in the source of immediately available energy for muscular contraction, and, hence, of cardiac work capacity, might represent a biochemical lesion responsible for the clinical demonstration of impaired exercise response in hyperthyroid patients .5 To explore further the influence of thyroid hormone excess on the myocardium, a study of carbohydrate metabolism, oxygen consumption, and coronary flow was undertaken in a group of individuals with typical hyperthyroidism and, for comparative purposes, in a group of hospitalized individuals free of cardiac and metabolic disease. This investigation was supported by research grants H-1492 from the National Heart Institute, U. S. Public Health Service, and a grant from the Michigan Heart Association. 90 
METHODS AND MATERIAL
The data presented were obtained from 17 normal individuals and 13 hyperthyroid patients. The former group was made up of individuals convalescent from a variety of acute diseases, and at the time of study had no detectable cardiovascular or metabolic disease. The latter group was made up of patients with history, physical, and laboratory findings typical of hyperthyroidism.
The 17 normal individuals ranged in age from 22
to 54 years, with a mean age of 34.4 years. The 13 hyperthyroid individuals had an age range from 18 to 54 years, and a mean age of 26.6 years. All subjects were fasting for at least 8 hours prior to study. No attempt was made to modify the ward diet in the days preceding the study. The patients in both groups were sedated with Nembutal, 100 mg., or demerol, 50 mg., to obtain a reasonably basal state. Catheterization of the coronary sinus was carried out in the right anterior oblique position' and an indwelling needle inserted in either the radial or brachial artery. Coronary blood flow was determined by the nitrous oxide method of Kety and Schmidt as modified for the heart, utilizing the saturation technic and a coefficient of 1.1 for the partition of nitrous oxide between myocardium and blood.7 Just prior to the onset of nitrous oxide administration, blood was drawn simultaneously from the coronary sinus and a peripheral artery for oxygen, carbon dioxide, glucose, lactic acid, and pyruvic acid determinations, and for the nitrous oxide blood blanks. In addition to an integrated sample over the first minute of nitrous oxide administration, 5 other samples were collected during the first 5 
RESULTS
As expected, the cardiac output in the hyperthyroid group was higher than in the normal group, the mean for the 2 groups being 11.70 L./min. and 6.01 L./min., respectively (tables 1 and 2).
The mean coronary blood flow in the hyperthyroid group was 155 ml./100 Gm. left ventricle/min., compared to a mean of 103 ml./100 Gm./min. in the 8 normal individuals. One hyperthyroid individual (L.R.) had a coronary blood flow which fell within the normal range (table 2). The increased left ventricular coronary flow in the hyperthyroid group appeared to represent no greater proportion of the cardiac output than did the coronary flow among the normal patients. This is shown in tables 1 and 2, and is illustrated in figure 1 , where the coronary flow for both groups is plotted against the per cent of cardiac output that each flow represents.
The mean coefficient of oxygen extraction by the myocardium was essentially similar in both groups although the oxygen A-V difference across the myocardium tended to be lower in the hyperthyroid group. This reflected a somewhat lower hemoglobin concentration in the latter group. However, in no patient was the hemoglobin reduced to levels below 9 Gm. per cent. It is not until the hemoglobin drops below the latter figure that there appears to be an effect on myocardial hemodynamics. ' The mean myocardial oxygen consumption among the hyperthyroid patients was 13.3 figure 1 , the relationship between coronary flow and cardiac output is not linear in either group, the range of scatter is similar in both groups. No attempt is made to infer that the coronary flow is in-(creased as a result of the increased cardiac output in hyperthyroidism. Both these parameters may be altered by a common factor.
The myocardial oxygen consumption in the 2 groups showed considerable overlapping. However, as previously illustrated, there appeared to be no difference between the 2 groups when the myocardial oxygen consumption was related to total body oxygen consumption (figure 2), indicating that the myocardial oxygen consumption in hyperthyroidism represents the same percentage of whole-body oxygen consumption as in the normal group. This increased myocardial oxygen usage in hyperthyroidism appears to be brought about by an increased coronary blood flow in the presence of a normal percentage extraction of arterial oxygen by the myocardium.
The above results are in agreement with those of Rowe and associates,'4 who found the coronary flow and myocardial oxygen consumption elevated prior to surgery in a group of hyperthyroid individuals. Bing' reported only a slight increase in coronary blood flow in hyperthyroidism and a lower than normal myocardial oxygen consumption. Satisfactory explanation for such discrepancies is not readily apparent.
Conflicting results have been reported on the effect of thyroid substances on the heart of experimental animals. These inconsistencies are probably related to the use of various types of preparations and the study of different anatomic regions of the heart. Ulrick and Whitehorn12 reported a significant increase in oxygen consumption of both atrial and ventricular tissue of the hyperthyroid rat in vitro, the former tissue showing a greater change than the latter. Dock and Lewis,'5 utilizing the heart-lung preparation of the rat, found that the increase in myocardial oxygen consumption of the hyperthyroid rat was entirely explicable on the basis of the increased heart weight and rate. Leblond and Hoff16 reported an increased heart rate produced by thyroxin in the intact thyroidectomized rat. These authors did Isot measure inyocardial oxygen consumption.
Gordon and Heming,'7 using minced or sliced heart muscle of the hyperthyroid rat, could show only a transient increase in myocardial oxygen consumption followed by a depression.
MYOCARDIAL HEMOI)YNAMICS AND METABOLISM IN HYEIERTHYROI)ISJM
McEachern,3 who was able to demonstrate an increased oxygen consumption of the intact atrium of the hyperthyroid guinea pig in vitro, also found an increase in oxygen consumption followed by a depression when using minced or sliced atrial tissue obtained from the hyperthyroid guinea pig, suggesting that the use of sliced or minced tissue may give misleading results.
The mean coronary blood flow of 103 ml./100 Gm./min. in the normal group in this study is comparable to a mean flow of 96 ml./100 Gm./ min. found by Goodale and Hackel'8 in 4 normal human beings. The range in their subjects was 91 to 103 ml./100 Gm./min., compared to a range of 68 to 129 ml./100 Gm./min. in the present study. Bing' has reported a somewhat lower mean coronary blood flow of 77 ml./100 Gm./min. among normal subjects. He found a mean myocardial oxygen consumption of 9.4 ml./100 Gm./min., compared to a higher mean figure of 10.5 ml./100 Gm./min. among the 8 normal persons in this series.
Discrepancies between the value of coronary flow in the normal subjects in this series and those reported by other authors may be accounted for by differences in technic. If corrections for dead space existing in the coronary sinus catheter are not made, but samples are drawn simultaneously from artery and coronary sinus without such correction, the determined coronary sinus nitrous oxide concentration will be lower than actually existing in the coronary sinus blood at a given instant, particularly during the first portion of the curve where rapid changes in nitrous oxide concentrations are occurring. This will tend to widen the arteriovenous difference of nitrous oxide and consequently make the calculation of coronary flow falsely low. We have used the saturation technic throughout, finding little advantage or convenience in the desaturation method. The results by both these technics are comparable. 18 As previously demonstrated, the study of the carbohydrate metabolism in the normal and hyperthyroid patients revealed great similarity, and there was very little pattern that could be deduced from the results obtained. Certainly on the basis of, and within the limitations of, the present studies, there is no abnormality of the myocardial carbohydrate metabolism in hyperthyroidism. As others have found in man"9 and dogs,20 the heart is capable of utilizing glucose, pyruvic acid, and lactic acid. The contribution of the latter two metabolites to the aerobic metabolism of the heart is sharply restricted by their relatively low arterial levels.
Usage of glucose appears to be variable, and the total contribution of the sum of the 3 metabolites studied to the aerobic metabolism of the heart varied markedly (figures 3 and 4) . The respiratory quotient also showed considerable variation and, in our hands, in no way appeared to Some of the cases in both groups in the present study had a negative arterial-coronary sinus difference across the myocardium for the various metabolites studied. In several cases, the negative A-V difference was small and probably within the error of the method of determination. However, in some cases it does not appear to be explicable on this basis. We can offer no explanation of these findings at this time.
Perhaps there is no disease in which the effects on the component parts of the circulation in the human being have been studied so carefully as in hyperthyroidism. Our data and that of others24 indicate that in the majority of cases of hyperthyroidism, although the cardiac output is elevated, the over-all arteriovenous oxygen difference is normal. Studies of the component parts of the circulation give varying results. The response of the heart in hyperthyroidism with increased output and normal arteriovenous oxygen difference is the result of a high skin and muscle flow,25 and probably of diminished oxygen A-V difference in these areas; of a normal splanchnic flow and high splanchnic oxygen A-V difference with a resultant high splanchnic oxygen consumption24; of a normal cerebral blood flow; of oxygen A-V difference and oxygen consumption26; of a normal renal blood flow27; and, as reported here, of a high coronary blood flow, normal arterial-coronary sinus oxygen difference, and increased myocardial oxygen consumption. In all probability, in other states in which high cardiac output is present, considerable regional differences in hemodynamics exist.
The needs of the heart in hyperthyroidism appear to be met in the same fashion as in other situations in which cardiac output is increased. As a result of exercise, the nonfailing heart responds in similar fashion to the hyperthyroid heart, i.e., increase in coronary blood flow, decrease in coronary vascular resistance, unchanged arterial-coronary sinus oxygen difference, and increase in myocardial oxygen consumption.28 Similar 
